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ABSTRACT

Peanut allergy is triggered by several proteins known as allergens. In this study, the complexity
the peanut allergome is investigated with proteomic tools. The strength of this investigation
resides in combining the high-resolving power and reproducibility of fluorescence two-
dimensional differential gel electrophoresis with specific immunological detection as well as
polypeptide sequencing by high-resolution mass spectrometry. Matching of the peanut
proteins in 2D gels was achieved by differential labelling whereby peanut proteins and purified
allergens (Ara h 1, Ara h 2 or Ara h 3/4) were run on the same gel. Ten protein spots on a mass
line of ca. 63-68 kDa were likely to correspond to Ara h 1. Two doublets on two different mass
lines at ca. 16 and 18 kDa matched with purified allergen Ara h 2. The basic and acidic sub-units
of Ara h 3/4 were observed at masses of ca. 25 kDa and 40-45 kDa, respectively. Subsequently
the antibody-binding capacity of spots corresponding to peanut allergens was investigated by
Western blotting of 2D gels using antibodies (IgY) raised against Ara h 1, Ara h 2 and the
recombinant 40 kDa sub-unit of Ara h 3/4. Final confirmation of the identity of the protein spots
matched after 2D electrophoresis and identified by Western blotting was obtained by in-gel
digestion of protein spots and analysis by quadrupole time-of-flight mass spectrometry. By
using the method developed in our work, the location and identification of two different
isoforms of the allergen Ara h 1, the allergen Ara h 2 and sixisoforms of the allergen Ara h 3/4in
2D peanut protein maps was established.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

shock. Over recent years legislation has been issued aimed at a
better safeguarding of the health of allergic consumers. New

Food allergens are a significant worldwide public health issue.
Estimates for the prevalence of food allergies are around 1-2% of
the total population and up to 8% of children, although the
prevalence may vary between populations and age groups [1-3].
The severity of allergic reactions can vary from symptoms
ranging from mild urticaria to potentially lethal anaphylactic
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food allergen labelling rules were introduced by European
Directives 2003/89/EC and 2007/68/EC, two successive amend-
ments to the general food labelling directive 2000/13/EC of the
European Parliament and of the Council [4-6]. The legislation
requires food manufacturers to indicate 14 groups of potential
allergens by reference to the source allergen if they are used as
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an ingredient at any level in pre-packed foods. Peanuts are
among the most common causes of immediate hypersensitivity
reactions to foods [7,8] and therefore required to be declared on
food labels.

Usually food allergens, the components capable of triggering
allergic reactions, are proteins, but only a small percentage of
proteins in food are allergenic. The allergome of peanutis rather
complex. The three major peanut allergens that are recognised
by the vast majority of peanut allergic individuals and that have
been studied are Ara h 1, a vicilin-like protein [9,10], Arah 2, a
conglutin-homologue protein [9,11] and Ara h 3/Arah 4, glycinin
proteins [12-14]. Recently it was shown that Arah 3 and Arah 4
are isoallergens and can be designated as the allergen Ara h 3/4
[15,16]. Peanuts contain an average of 29% protein. The allergen
Ara h 1is the most abundant (20% of the total protein) followed
by Ara h 2 (~10%) and Ara h 3/4 [17,18].

The properties of those main peanut allergens have been
studied in recent years. Ara h 1is a 63-68 kDa glycoprotein [19]
assembled in di- and trimeric complexes [20,21] and two of its
genes encoding 626 and 614 amino acids have been well
described [22,23]. Of the allergen Ara h 2 two isoforms with
masses of ca. 16 and 17 kDa have been isolated [24,25]. The
allergenic protein Ara h 3/4, recently purified consists of an
acidic and a basic sub-unit [14,26,27]. The two sub-units
remain covalently linked by an intermolecular disulfide bridge
and associate into a very stable hexameric structure [16,28].
The acidic sub-unit has a molecular mass in the range of 40-
45 kDa, whereas the basic sub-unit has a mass of ca. 25 kDa.
Ara h 3/4 is mainly proteolytically modified (truncation at
multiple sites), with possible glycosylation. Proteolytic trunca-
tion was observed for the acidic sub-unit but not for the basic
sub-unit resulting in a series of polypeptides ranging from 13-
45 kDa [14].

A proper assessment of temperature stability as well as
qualitative or quantitative analysis of individual peanut aller-
gens requires a separation of their different isoforms/glyco-
forms, protein sub-units and possible proteolytic products with
high-resolution techniques. For this reason, our research will
focus on the characterisation of the peanutallergome based on a
2D gel electrophoresis (2D PAGE) approach. This approach is a
combination of three different techniques. Individual techni-
ques have a series of advantages and limitations and their
combined use can reduce those limitations.

2D PAGE utilises a few milligrams of protein and separates
them into thousands of protein spots [29,30]. Comparison of
gel images between different peanut extracts or between
peanut proteins and purified allergens can be achieved by 2D
PAGE [31]. Fluorescence two-dimensional gel electrophoresis
(2D DIGE) represents an elegant modification of 2D PAGE
eliminating gel-to-gel variation in protein migration that
hinder computer-assisted comparison of spot patterns [32].
After 2D DIGE the allergen protein spots need to be specifically
detected and identified. This can be achieved by a combina-
tion of western blotting of 2D protein gels allowing the
detection of antibody-specific reactive proteins, and in-gel
digestion of protein spots followed by mass spectrometry [33].
In this work, we have applied 2D DIGE in combination with
Western blotting and high-resolution mass spectrometry for
the separation, immunodetection and identification of the
major peanut allergens Ara h 1-3/4 in 2D peanut protein

patterns. The latest generation of proteomics instruments
includes the quadrupole time-of-flight (Q-TOF) tandem mass
spectrometer. The major advantages of the Q-TOF instrument
are ultra-high throughput, high sensitivity, and high-resolu-
tion capabilities that provide enhanced peptide-sequence
information.

2. Materials and methods
2.1. Chemicals

All chemicals used for sample preparation were obtained from
VWR International (West Chester, PA, USA) and were at least
analytical reagent grade. Water from a milli-Q water system
(Millipore, Bedford, MA, USA) was used throughout. PlusOne
chemicals for gel electrophoresis (Tris, glycine, CHAPS, urea,
thiourea, DTT, dimethylformamide), CyDyes (Cy3 and Cy5),
acrylamide, bis-acrylamide, Cy3-antibodies labelling kit, 2D
Clean-up and 2D Quantification kits were purchased from GE
Healthcare (Uppsala, Sweden). Ampholytes and immobilised pH
gradient strips were supplied by Bio-Rad Laboratories (Hercules,
CA, USA). Mini-gels for electrophoresis were from Invitrogen
(Carlsbad, CA, USA). Secondary antibodies (non-conjugated
rabbit anti-chicken IgY (whole molecule)) and bovine caseins
were from Sigma-Aldrich (St Louis, MO, USA). Sequencing grade
trypsin was obtained from Merck (Darmstadt, Germany).
SupraPure Formic acid and HPLC grade acetonitrile for mass
spectrometry were from Sigma-Aldrich (St Louis, MO, USA).

2.2. Materials

Peanut samples (Arachis hypogaea) of the variety Chinese
Virginia were obtained from IMKO (Doetinchem, The Nether-
lands). This peanut variety is included in the IRMM-481 test
material. The peanuts were blanched to remove the skins.
This processing was done by the supplier following standard
industrial processing technology.

Purified allergens Ara h 1, Ara h 2 and Ara h 3/4 were
isolated from crude peanut extracts as previously described
[8,26,34]. The anti-Ara h 1, Ara h 2 and Ara h 3/4 antibodies
used in the Western blot analysis were chicken egg yolk
polyclonal antibodies (IgY) custom manufactured by Sigma
Immunosys (The Woodlands, TX, USA).

2.3. Sample preparation and protein labelling

Peanuts were ground under liquid nitrogen in order to obtain a
fine and homogeneous powder. Extraction was performed at
4 °C using TBS buffer (20 mM Tris with 150 mM NacCl) pH 7.4
according to Chassaigne et al. [31]. Peanut extracts and purified
peanut allergens were cleaned with the 2D Clean up kit before
the determination of their protein content with the 2D Quant
kit from GE Healthcare (Uppsala, Sweden).

Protein aliquots in the range 5-25 g (peanut protein or peanut
allergen) were solubilised in the DIGE labelling buffer (7 M urea,
2 M thiourea, 4% CHAPS, 30 mM Tris, pH adjusted to 8.9 with HCl
1M) ata final concentration of 5 pg/pl. Each dye (Cy3 and Cy5) was
reconstituted in dimethylformamide to a final concentration of
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1 nmol/pl. This stock solution was diluted (200 pmol/pl)
immediately prior to use and 0.5 pl Cy3 was added/25 pg peanut
protein or 0.1 ul Cy5/5 pg purified peanut allergen. Following
incubation for 30 min on ice in the dark, the reactions were
quenched by adding 0.5 ul 10 mM lysine solution, followed by
further 10 min incubation on ice in the dark. Protein samples
previously labelled with the respective fluorescent dyes (Cy3 and
Cy5) were used separately or pooled and diluted in the IPG
(immobilised pH gradient) rehydration buffer (8 M urea, 0.5%
CHAPS, 0.5% IPG buffer pH 3-10, 0.002% bromophenol blue, 0.4%
DTT) for isoelectric focusing (IEF).

2.4. 2D electrophoresis of peanut proteins and
purified allergens

First-dimension IEF was carried out on an Ettan IPGphor system
(GE Healthcare). Twenty five ug Cy3-labelled peanut protein and
5 ng Cy5-labelled purified allergen were pooled and diluted in a
total volume of 240 pl IPG rehydration buffer. The sample was
loaded on 24 cm pre-cast immobilised pH gradient strips
(240x3.0x0.5 mm, linear pH range: 3-10). IPG strips were re-
hydrated for 12 h at 20 °C. IEF was performed for 53500 Vh with
the initial voltage set to 500 V for 1 h, and then stepped up to
1000 V for 1 h and finally to 8000 V for 6.5 h. The gel strips were
prepared for transfer to the second dimension by soaking for
15 min in an equilibration solution (50 mM Tris-HCl pH 8.8, 6 M
urea, 30% glycerol, 2% SDS, 0.002% bromophenol blue and 10 mM
DTT). The equilibrated gel strips were embedded at the top of
the SDS-PAGE gel in molten 1% (w/v) agarose in cathodic
electrode buffer (Laemmli buffers).

Second dimension separation (SDS-PAGE) was carried out
with an Ettan DALT electrophoresis unit equipped with a
Peltier cooling unit. Gels were cast in fluorescent-compatible
quartz cassettes (260x200x1.0 mm, homogeneous 12.5%,
separation range 10-100 kDa) and SDS-buffers (Laemmli
buffers) were used. Six gels were run at 5 W/gel for 15 min
(30 W), then 20 W/gel for 4 h (120 W) with the Peltier cooling
system at 25 °C. Each gel was made in triplicate.

After the electrophoretic separation, the 2D gels still contained
between the quartz plates were scanned with a Typhoon 9400
series variable mode imager system (GE Healthcare). The
fluorescently labelled proteins were visualised with the following
wavelengths: Cy3-532 nm excitation wavelength, 580 BP 30
emission filter and Cy5-633 nm excitation wavelength, 670 BP
30 emission filter. All gels were scanned at 100 pm resolution.

After the images were acquired, Image Master 2D Platinium
6.0 software (GE Healthcare) was used for protein detection,
matching and exporting data. The fully automated co-detection
algorithm ensured that all spots on co-detected gel images (Cy3
and Cy5 channels) were represented identically and were over-
laid. The apparent molecular mass of proteins was determined by
co-electrophoresis of protein markers (MW range 14-100 kDa) (GE
Healthcare). The pl values were evaluated according to the scale
of the linear immobilised pH gradient strips (pH range 3-10).

2.5. 2D PAGE and Western blotting
To perform 2D electrophoresis experiments combined with

Western blotting 15 pg Cy3-labelled peanut protein diluted in
120 pl IPG rehydration buffer was loaded on a 7 cm IPG strip pH

3-10, linear range (70x3.0x0.5 mm) (GE Healthcare). Separa-
tion in the first dimension was performed with an initial
voltage at 320 V for 1 h, then a gradient up to 1000 V for 30 min,
then a gradient up to 5000 V in 1 h 20, and finally stepped to
5000 V for 30 min. A XCell SureLock Mini-Cell electrophoresis
system (Invitrogen) and a Power Pac 200 power supply (Bio-
Rad Laboratories) were used for the second dimension. The
equilibrated 7 cm IPG gel strip was embedded at the top of a
pre-cast NUPAGE Bis-Tris SDS-PAGE 12% (80x70x1.0 mm)
mini-gel (Invitrogen). Protein separation was carried out under
a constant voltage of 150 V for 1.5 h in NuPAGE MOPS SDS
running buffer (2.5 mM MOPS, 2.5 mM Tris Base, 0.005% SDS,
0.05 mM EDTA, pH 7.7).

Each experiment was made in duplicate. Mini-gels were
removed from the cassettes and placed between quartz plates
for scanning. Scanning was performed with the Typhoon 9400
system at 50 um resolution both before and after Western
blotting to check transfer efficiency. The wavelength settings
of Cy3 detection are described in Section 2.4.

The gels were equilibrated in diluted NuPAGE transfer buffer
(20x) (25 mM Bis-Tris, 1.025 mM EDTA, 25 mM Bicine, pH 7.2)
before proteins were transferred by electroblotting to PVDF
membranes (GE Healthcare) that had been pre-wetted with
methanol, rinsed in milli-Q water and incubated for a few
minutes in transfer buffer. Blots were blocked with 3% caseins
(bovine) in Tris-buffered saline (TBS buffer) pH 7.4, 0.1% Tween 20
for either 1 h at room temperature or overnight at 4 °C under
gentle agitation. The membranes were rinsed 3 times 10 min with
TBS buffer pH 7.4, 0.5% Tween 20 and subsequently incubated
with primary antibodies (IgY raised against Arah 1, Arah 2 ora
40 kDa sub-unit of Ara h 3/4) used at a dilution of 1:10,000 in TBS
buffer pH 7.4, 0.1% Tween 20, 3% casein for 1 h at room
temperature under constant shaking. After 3 washes of 10 min
with TBS buffer pH 7.4, 0.5% Tween 20, the membranes were
incubated for 1 h at room temperature with secondary antibodies
(rabbit anti-chicken IgY labelled with Cy5 as described in Section
2.3) and visualised with the wavelength settings of Cy5 described
in Section 2.4 after a final series of 3 times 10 min washes. Using
simultaneously the wavelength settings for Cy3 and Cy5 (Cy5
channel for antibody-reactive proteins and Cy3 channel for total
protein) ensured that spots present on co-detected membrane
images were perfectly overlaid.

2.6. Preparative 2D gels and mass spectrometry

500 pg unlabelled-peanut protein was loaded on a 24 cm IPG
strip (pH 3-10) for preparative experiments. Experimental
conditions for electrophoresis were the same as the ones
described for analytical gel in Section 2.4. For the preparative
workflow, glass plates instead of quartz plates were used for
gel casting. A silane binding treatment of the glass plates (80%
ethanol, 2% acetic acid, 0.1% silane binding) was performed to
immobilise the gels onto the glass plates. Two white stickers
used as reference for x, y coordinates were attached on the
treated surface of the plate to ensure that the correct protein
spots detected were picked. Each gel was made in triplicate.
The 2D gel cassettes were opened and the gels for spot
picking were stained using Deep purple total protein stain
according to the manufacturer’s protocol (GE Healthcare). The
fluorescently labelled proteins were visualised with the 2D gel
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still attached to the treated glass plate of the cassettes using
the Typhoon 6400 system with the wavelength settings of
Deep purple (532 nm excitation wavelength, 560 nm LP
emission filter). Selected protein spots were excised and
transferred to a 96-well plate using the Ettan Spot Picker
system (GE Healthcare).

The spots were de-stained (200 mM ammonium bicarbo-
nate), washed with CH5CN:H,0, 50:50, reduced (using 10 mM
DTT in 50 mM ammonium bicarbonate, 30 min) and alkylated
(using 55 mM iodoacetamide in 50 mM ammonium bicarbo-
nate, 20 min). The enzymatic digestion (using 1 ng/pl sequen-
cing grade trypsin in 100 mM ammonium bicarbonate) was
performed at 37 °C for 5 h. In the case of Ara h 2 spots, a
different enzymatic treatment was applied. RapiGest (Waters)
was added to the 50 mM ammonium bicarbonate solution
during the reduction step (using DTT). Enzymatic hydrolysis
used 1 ng/pl pancreatin in 50 mM ammonium bicarbonate and
was performed at 50 °C for 5 h. The resulting hydrolysates
were extracted in a total volume of 60 pl solution (1% HCOOH
in CH5CN:H,0, 2:98) and transferred into 96-well PCR plates.

LC-MS/MS analyses were performed on a capillary flow-
liquid chromatography system (CapLC) coupled on-line with a
quadrupole time-of-flight mass spectrometer (Q-TOF Ultima
Global) equipped with a nano-electrospray source (Waters,
Manchester, UK). 96-well plates containing protein hydroly-
sates were loaded on the autosampler of the capillary LC
system. A pre-column Acurate micro-flow splitting system (LC
Packings, Sunnyvale, CA, USA) was used. The binary CapLC
pump was operated at a flow rate of 10 pl/min and a flow rate
of 1 pl/min was obtained after a 1:10 split. Peptide mixtures
were desalted and pre-concentrated on LC Packings Cig
capillary cartridges (300 pm id, 150 mm length, 5 um particles
size) and separated on a Grace Vydac C;g High-loading
capacity capillary column (150 pm id, 150 mm length, 3 pm
particles size, 190 A porosity). The Q-TOF instrument was
operated in the “MS survey” mode, which means that a
fragmentation of ions was achieved when a minimum
intensity (specified value) was detected (3 channels for a
simultaneously fragmentation of the 3 most abundant pre-
cursor ions). Experimental conditions for CapLC and Q-TOF
were described previously [35].

2.7. Protein database searching parameters

The fragment ion spectra obtained from the “MS survey” mode
were processed using Mass Lynx version 4.0 (Waters), a software
program that converts MS/MS raw data to peak lists [35]. After
centroiding and background subtraction, the peak lists were
used to search databases with Protein Lynx Global Server 2.2.5
(Waters). Proteins were identified by correlation of processed
tandem mass spectra to protein entries. The protein sequence
database Swiss-Prot and a reduced database of known peanut
allergens were used. The latter contained: Allergen Ara h 1,
clone P41B [Precursor] (Swiss-Prot entry P43238); Allergen Ara h
1, clone P17B [Precursor] (P43237); Allergen Ara h 2.01 (Q941R0);
Allergen Ara h 2.02 (Q6PSU2); Allergen Ara h 3 Glycinin
[Fragment] (082580); Glycinin [Fragment] (Q6IWG5); Gly 1
(Q9F7Z11); Allergen Ara h 3/Ara h 4 (Q8LKN1); Allergen Ara h 4
(Q9SQH?7); and allergen iso-Ara h 3 (QOGM57).

Protein Lynx Global Server 2.2.5 submitted the peak lists to a
workflow: i) databank searching and ii) the “auto-mode”
extended tool. Maximum 3 missed cleavages per peptide were
allowed. Precursor ion tolerance window and fragment ion
tolerance mass were set to 100 ppm and 0.05 Da, respectively.
Tolerance on mass calibration of the TOF was set to 30 ppm.
Carboxymethylation of cysteine and oxidation of methionine
residues were assumed (fixed modifications), but other poten-
tial modifications were also considered (variable modification).
Search results were validated when at least 3 consecutive
measured fragment ions of a peptide matched theoretical b- or
y- fragment ions of a known protein sequence tag.

After databank searching and sequence analysis each
identified peptide was assigned a ladder score (number of
consecutive or complementary b- and y- fragment ions) and a
probability based score algorithm, which gave an indication for
the reliability of the peptide identification. The peptide identi-
fication is validated by the accuracy of peptide fragments and
the quality of the mass spectrum. The method employs a
discriminant function with classified “good” and “bad” spectra,
producing a single quality peptide score. The classification of
“good” spectra starts from a peptide score of 20 at a significance
level of P<0.05 (interval of confidence of 95%) for the individual
peptides. Only peptides fulfilling all conditions listed above are
validated. In any case, three MS/MS runs are made for each
sample and only peptides found in the three replicate runs are
accepted as a confident identification [35].

3. Results and discussion

3.1.  Analysis of 2D gels of peanut protein spiked with
purified allergens

To identify the position of the major peanut allergens in 2D
protein maps, raw peanut extracts and purified allergenic
proteins were used. Proteins from raw peanut and a purified
allergen (either Ara h 1, Ara h 2 or Ara h 3/4) were labelled with
two distinct fluorescent dyes and run in the same 2D gel. To
exclude artefacts caused by electrophoresis conditions, 2D gels
were run in triplicate. From each gel, two images were obtained: a
Cy3image for raw peanut extract and a Cy5 image for the purified
allergen. Typically three to four hundreds of spots were detected
in the peanut protein map. For our application to protein
detection and identification, the maximum number of spots to
match between the Cy3 and Cy5 images was set to two hundreds.

Panel a in Fig. 1 shows the gel map of proteins from the raw
peanut extract. The inserts delimited by dashed lines show peanut
protein spots matching purified allergens to which numbers were
attributed. Panel b in Fig. 1 shows a part of the gel image obtained
for the purified allergen Ara h 1. Spots 1-10 on a mass line of ca. 63—
68 kDa and covering a pl range of 6.5-7 are likely to correspond to
different glycosylation forms and/or isoforms of Ara h 1. This is in
agreement with the results reported by Liang et al. [36] who
separated the 65 kDa Ara h 1 into many spots with different pls by
2D PAGE. Several intense spots observed within the sample of
purified Ara h 1 found on a lower mass line do not match the one of
peanut proteins (Fig. 1b) and therefore might contain Ara h 1
degraded in planta, or fragmented during purification.
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Panel cin Fig. 1 shows a part of the gel image corresponding
to the purified allergen Ara h 2. Four intense spots, on two
different mass lines (ca. 17 and 19 kDa) and two different pls
(ca. 5.8 and 6.2) were matched with the purified allergen Ara h
2 (spot numbers 19-22). Those spots seem to coincide with the
two isoforms of Ara h 2 available in the Swiss-Prot database
with theoretical masses of ca. 16 and 18 kDa that encode 135
and 151 amino acids (difference of 16 amino acids). Burks et al.
[37,38] showed that the N-terminal amino acid composition of
the two bands obtained by 1D SDS-PAGE at 17 kDa and 19 kDa

was essentially identical and that Ara h 2 isoforms are highly
glycosylated (20% carbohydrate) with significant levels of
galacturonic acid. We assume that the two spots on the two
different mass lines (19, 20 at ca. 19 kDa on one side and 21, 22
at ca. 17 kDa on the other side in Fig. 1 Panel c) are likely to
correspond to two isoforms of Ara h 2 and that the pI
differences between spots 19 and 20 as well as between
spots 21 and 22 might be a result of carbohydrate composition.

The 2D pattern of the purified Ara h 3/4 appears more
complex (Fig. 1d) and the matchingled to the establishment of a
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Fig. 1 - 2D DIGE images of peanut proteins and the purified allergens Ara h 1-3. Peanut protein and a purified allergen
(Arah 1, Ara h 2 or Ara h 3) were mixed and separated in the same SDS-PAGE gel. a) Annotated gel map of protein from peanut
extract (Cy3 image). The inserts delimited by dashed lines show peanut protein spots matching the purified allergens
(Cy5-labeled); matched spots with purified allergens were numbered (1-22). b) spots of the purified allergen Ara h 1 (Cy5 image);
spot numbers 1-10. c) spots of the purified allergen Ara h 2 (Cy5 image); spot numbers 19-22. d) spots of the purified allergen Ara

h 3 (Cy5 image); spot numbers 11-18.
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list of 8 spots (numbers 11-18). In contrast to recombinant Ara h
3/4,a 60 kDa single-chain polypeptide, Piersma et al. [14] showed
that the allergen isolated from its native source is extensively
proteolytically processed. In addition to the acidic and basic sub-
units, several proteolytic products were observed for the acidic
sub-unit. Besides the major bands at45, 40 and 25 kDa a series of
Ara h 3/4 polypeptides ranging from 12-35 kDa was separated by
1D SDS-PAGE [14]. This was confirmed by Koppelman et al [26]
who highlighted by 1D SDS-PAGE abundant proteins of the acidic
sub-unit (42 and 45 kDa) and the basic sub-unit (25 kDa) of Ara h
3/4 besides some proteolytic fragments at 14 kDa. In this work,
spots 11-13 were found to have a mass in the range of 4045 kDa
whereas spots 17 and 18 correspond to an apparent mass of
25 kDa. Spots 14, 15 (ca. 35 kDa) and 16 (ca. 30 kDa) perfectly

matched purified allergen Ara h 3/4 and therefore might be
proteolytic products of Ara h 3/4.

Interpretation of the above reported results is strongly
linked to the nature (eg. different peanut variety) and level of
purity of the samples. Additionally, the purification process
does not likely yield all isoforms or glycoforms of the protein.
The identified spots were therefore further characterised by
immunoblotting and mass spectrometric techniques.

3.2. Peanut allergen detection by Western blotting analysis
After 2D electrophoresis the allergen protein spots were

identified by Western blotting, which represents a powerful
technique to reveal the position of antibody-reactive proteins

Mw
(KDa)

100 —

60 —

45 —

30 —

20

12

-

Fig. 2 - Detection of the major peanut allergens by Western blotting analysis. Peanut proteins were labelled with Cy3.
Antibodies against: i) the native form of Ara h 1, ii) the native form of Ara h 2, and iii) a recombinant 40 kDa sub-unit of Arah 3
were used. Detection was done by using secondary antibodies labelled with Cy5. a) Cy3 image of protein gel from peanut
protein extract before transfer to the membrane; spot numbers of matched spots found in Fig. 1 are shown. b) Cy5 image of the
Western blot of anti-Ara h 1. ¢) Cy5 image of the Western blot of anti-Ara h 2. d) Cy5 image of the Western blot of anti-Ara h 3.
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within 2D gel maps. Following 2D separation and transfer on
PVDF membrane, the peanut proteins were immunodetected
with chicken yolk antibodies (IgY) raised against Arah 1, Arah
2 and a recombinant 40 kDa sub-unit of Ara h 3/4. The gels and
Western blots were performed in duplicate.

From panel a in Fig. 2 it is evident that the 2D pattern of Cy3-
labelled peanut proteins is quite rich in well separated proteins
even though a lower resolution was obtained using the mini-gels
in comparison to analytical gels (Fig. 1). The inserts delimited by
dashed or continuous lines show antibody-reactive peanut
protein spots to which numbers were attributed. Protein spots
were numbered as in Fig. 1. Efficiency of protein transfer was
controlled by scanning the membrane (data not shown). An
efficient transfer of proteins was obtained even though the
relative proportion of some spots was modified especially for the
lower masses (below 30 kDa).

Anti-Ara h 1identified a closely migrating series of spots with
a mean molecular mass of 63-68 kDa, covering a pI range of 6.5-7
as shown (panel b in Fig. 2). This was similar to that seen for
purified Ara h 1 in Fig. 1a. Spots 1-10 are likely to correspond to
the two different isoforms and multiple glycoforms of Ara h 1.
This suggests that both isoforms of Ara h 1 are antibody-reactive
proteins and that glycosylation does not significantly affect
antibody binding.

Using the antibody raised against the purified allergen Arah 2
identified two proteins of 17 and 19 kDa as shown in panel c in
Fig. 2 (spot numbers 20 and 22 asin Fig. 1c). This implies that both
Ara h 2 isoforms are detected but that glycosylation affects

antibody binding since spots 19 and 21 were not recognised with
anti-Ara h 2 (panel c in Fig. 2).

Compared to the eights spots matching purified allergen
when gels were spiked with Ara h 3/4 (numbers 11-18 in Fig. 1)
the IgY antibody raised against the recombinant 40 kDa sub-unit
of Ara h 3/4 only recognised three of those spots (numbers 11-13,
panel d in Fig. 2). These spots at ca. 4045 kDa and within a pI
range of 5.5-6 therefore contain the acidic sub-unit of the
allergen Ara h 3/4 as described in the literature [14]. Spots 14-16
and 18 were not detected by immunoblotting and therefore
either do not contain the acidic sub-unit of Ara h 3/4 or lack IgY
epitopes due to proteolytic processing or sequence heterogene-
ity amongst Ara h 3/4 isoforms. Piersma et al. [14] showed that
the acidic sub-unit of Ara h 3/4 is proteolytically truncated at
multiple sites, whereas no processing of the basic sub-unit was
observed. Spot 17 at ca. 25 kDa and a pI of 6.3 was also recognised
with a very low intensity, and although this molecular mass
corresponds to that of the basic sub-unit of Ara h 3/4 (Fig. 2d), at
this stage it is unlikely that this spot corresponds to the basic
sub-unit since the antibody used was raised against the 40 kDa
acidic sub-unit of Ara h 3/4. The two spots 23 and 24 (observed
masses of ca. 12 kDa) were also recognised by the antibody
(Fig. 2d) and are likely to correspond to proteolytic fragments of
Ara h 3/4 as described by Koppelman et al. [14]. Surprisingly,
spots 20 and 22, likely to correspond to one isoform of Ara h 2,
were also recognised by anti-Ara h 3/4. This might be due to
common IgY binding epitopes since the two major peanut
allergens are know to share homologous IgE epitopes [39].

Fig. 3 - Annotated reference 2D map of peanut protein for identification by Q-TOF MS/MS. 500 pg non-labelled protein from raw
peanut was run on the 2D gel. Spots of interest selected from Deep purple total protein stain were excised, submitted to tryptic
digestion and analysed by MS/MS. Each selected spot is pointed with a red arrow and corresponding spot number (1-24) is
specified. The identities of some selected protein spots are presented in Tables 1-3.
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Table 1 - Validation of identified Ara h 1, Ara h 2 and Ara h 3/4 protein spots by Q-TOF mass spectrometry.

Protein spot Protein name Source and accession Protein probability Number of peptides
number number (%) identified
1 Ara h 1 clone P17 Swiss-Prot, P43237 54 6
Ara h 1 clone P41B Swiss-Prot, P43238 51 6
2 Ara h 1 clone P41B Swiss-Prot, P43238 100 6
3 Ara h 1 clone P17 Swiss-Prot, P43237 100 12
4 Ara h 1 clone P41B Swiss-Prot, P43238 100 15
5 Ara h 1 clone P17 Swiss-Prot, P43237 100 15
Ara h 1 clone P41B Swiss-Prot, P43238 100 20
6 Ara h 1 clone P17 Swiss-Prot, P43237 100 12
Ara h 1 clone P41B Swiss-Prot, P43238 100 18
7 Ara h 1 clone P17 Swiss-Prot, P43237 100 17
Ara h 1 P41B Swiss-Prot, P43238 100 21
8 Ara h 1 clone P41B Swiss-Prot, P43238 100 6
9 Ara h 1 clone P41B Swiss-Prot, P43238 100 9
10 Ara h1 clone P17 Swiss-Prot, P43237 59 7
Ara h1 clone P41B Swiss-Prot, P43238 46 7
11 Ara h 3 Glycinin Swiss-Prot, 082580 100 4
Gly 1 Swiss-Prot, Q9FZ11 20 1
Arah 4 Swiss-Prot, Q9SQH7 25 2
Allergen Ara h 3/Ara h 4 Swiss-Prot, Q8LKN1 96 2
Glycinin Swiss-Prot, QGIWG5 50 2
Iso-Ara h 3 Swiss-Prot, QQGM57 25 2
12 Ara h 3 Glycinin Swiss-Prot, 082580 50 4
Gly 1 Swiss-Prot, Q9FZ11 100 4
Arah4 Swiss-Prot, QOSQH7 20 1
Allergen Ara h 3/Ara h 4 Swiss-Prot, Q8LKN1 25 2
Glycinin Swiss-Prot, QGIWG5 20 1
Iso-Ara h 3 Swiss-Prot, QQGM57 20 1
13 Ara h 3 Glycinin Swiss-Prot, 082580 36 3
Gly 1 Swiss-Prot, QeIWG5 20 1
Arah4 Swiss-Prot, QOFZ11 25 2
Allergen Ara h 3/Ara h 4 Swiss-Prot, QQGM57 50 4
Glycinin Swiss-Prot, QSLKN1 20 1
Iso-Ara h 3 Swiss-Prot, QOSQH7 20 1
17 Ara h 3 Glycinin Swiss-Prot, 082580 20 1
Gly 1 Swiss-Prot, QGIWG5 20 1
Arah4 Swiss-Prot, QOFZ11 20 1
Allergen Ara h 3/Ara h 4 Swiss-Prot, QQGM57 25 2
Glycinin Swiss-Prot, QSLKN1 20 1
Iso-Ara h 3 Swiss-Prot, Q9SQH7 20 1
20 Ara h 2.01 Swiss-Prot, Q941R0 53 2
Ara h 2.02 Swiss-Prot, Q6PSU 52 2
22 Ara h 2.01 Swiss-Prot, Q941R0 51 2
Ara h 2.02 Swiss-Prot, Q6PSU 54 2

The table shows the name and Swiss-Prot accession number of proteins identified in individual spots of 2D gels of peanut protein extracts
(spots numbered 1-22 in Figs. 1-3). Each protein has been assigned a probability score and the number of peptides identified for a specific isoform
is shown.

In this study, IgY antibodies raised against the purified 3.3. Confirmation of the identified proteins by capillary LC
allergens allowed their localisation in the 2D protein map. and Q-TOF MS/MS
However, additional investigations by mass spectrometry were
required to unambiguously confirm the identity of the peanut Final confirmation of the identity of protein spots in 2D gel
protein spots that matched the position of the purified allergens maps was obtained by capillary LC and Q-TOF MS/MS analysis.
in the 2D map and showed antibody-reactivity. Protein spots matched after DIGE analysis of peanut protein

Notes to Table 2:

The table shows Ara h 1 derived peptides identified in individual spots of 2D gels of peanut protein extracts (spots numbered 1-10 in Figs. 1-3).
Reported sequences were Ara h 1 clone P17 and Ara h 1 clone P41B (source: Swiss-Prot, entry numbers P43237 and P43238). Each peptide is given
with the corresponding ladder score which indicates the reliability of the peptide identification. Peptides on a dark grey background are specific for
one of the two isoforms of Ara h 1. a) Double charged peptide unless otherwise indicated (+, +++ or ++++). b) Peptide ladder score: probability based
score algorithm, which indicates the reliability of the peptide identification.
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Table 2 - List of identified peptides derived from the peanut allergen Ara h 1.

Protein Name: Protein MW (Da): 71302, pl: 7.02 Source and accession number: SwissProt/TrEMBL,
Allergen Ara h 1 clone P41B [Precursor] P43238 isofom 1
Protein Name: Protein MW (Da): 71302, pl: 7.02 Source and accession number: SwissProt/TrEMBL,
Allergen Ara h 1 clone P17 [Precursor] P43237 isoform 2
Isoform Peptide sequence Substitution Submitted *Peptide Spot number
mass (Da)® ladder in gel
1 2 score (%)
P I —— 5 G
1for v (4)
X (L) (E) 726.324+++ 17 1
X (R E) 406.717 74 5
X R E) 780,876 62 6,7
X (RJEGEQEWGTPGSHVR(E) 523.592 25 7
X X  (RNNPFYFPSRR(F) 433.218+++ 39 45,12
X X (R)YQFQNLQNHR(I) 592.812 71 3,4,5,6,7
X X (R)FQNLQNHR(I) 395.207+++ 40 3,5,6,7
X (R (P) 414.740 87 3,5,7,10
X (R (V) 613.347 78 4,5,6,7
R (R] (H) 555.008+++ 56 2
X X (D)NIMIQ(Q) M for L (3), 759.356+ 72 4,10
1forV (4)
X X  (N)RKSWNLDEGHAVR(]) W for F (4), 449213 ++++ 39 5
V for L (12)
X X  (K)SFNLDEGHALR(]) 420.202+++ 45 7
X X  (QNLRVAKISMPVNTP(G) 598.648+++ 23 6
¥ X  (KISMPVNTPGQFEDFFPASSR(D) 743.005+++ 55 6,7,8,9
X X (RDQSSYLQGFSR(N) 644.311 75 2
X X  (RNESSYLQGEFSR(N) N for D (1), 644.311 75 2
E for Q(2)
X X  (R)NTLEAAFNAEFNEIR(R) 869.906 86 1,3,4,5,6,7,8,9,10
X X (F)NEIRRVLVQENAGGEQEERG(Q) V forI (14) 1141.539 23 6
X X (R)VLLEENAGGEQEER(G) 786.885 74 2,4,6,8,10
X (R) 588.294 85 5,6,7,9,10
X ( 690.867 23 5,6
X ( Q for E (16) 721.692+++ 27 7
X ( H) 492.753 82 1,2,5,6,7
X ( 492.273 87 3
X (A)KSISKKGSEEEGDITNPI(N) I1forVv (3) 734.971+++ 27 4
X ( (P) 758.387+++ 27 5
X ( E) 591.321+++ 40 6,7
X D) 793.881 79 7
X (R) L) 653.821 77 4,5,789
X X  (K)LFEVKPDDK(N) 552.332 78 3,4,5,6,7
Y X  (K)EGALMLPHFNSK(A) 448 .580+++ 49 45,6,7,9
X X  (ALVIVVVNKGTGNLEL(V) L for M (1) 591.316+++ 22 9
X X (K)AMVIVVVNE(G) 486.807 63 3
X X  (AMMIVVVNKGTGNLELV(A) M for V (2) 887.950 24 7
X X  (K)GTGNLELVAVR(K) 564.811 71 1,4,6,7
x (KIBEBEDEDEEEEGSNK(s 012858 a  ss
X X  (S)SRKVR(R) S for N (1), 330.203 100 1,4
K forE (3)
X X  (S)SRQVR(R) S for N (1), 330.169 100 1,3,5,6,7,8,9
QforE (3)
X X  (A)AHPIAVNASSELHLL(G) 1 for V(4), 592.289+++ 28 10
V forl(6)
X X (V)AINASSELHV(L) V for L (10) 1037.485-+ 29 5
X X (L)YGFGINAENNHR(I) 614.804 65 3,4,5,6,7,10
X X (R)IFLAGDKDNVIDQVEK(Q) 606.662+++ 53 9,10
X X (Q)AEDLAFPGSGEQVEKMIENQ(R) 548.753++++ 32 9
X X (K)DNVVDQIEKQAK(D) V forl (4) 887.932 23 2
X X  (K)DLAFPGSGEQVEK(L) 688.829 37 1,3,4,5,6,7
X X (G)SGEQVEKLIENQ(K) E for K (10) 512.582+++ 25 4
X X  (K)GPLLSIMKAFN(-) M for L (7) 477.581+++ 27 1,3,4,5,8
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isoform 1 MRGRVSPLMLLLGIL QRCLOSCQQOEPDDLKQKACES 60
iscform 1 MRGRVSPLMLLLGILV. ENPCAQRCLOSCQQEPDDLKQKACES 58
isoform 61 RCTKLEYDPRCVYDPRGHTGTTNQRSPPGERTRGRQPGDYDDDRRQPRREEGGRWGPAGE 120
isoform 59 RCTKLEYDPRCVYD- - - - TGATNORHPPGERTRGRQPGDYDDDRRQPRREEGG 114
iscform 121 REREREEDWRQPREDWRRPSHQQPRKIRP) EETSRNNPFYFPSR 180
iscform 115 REREREEDWRQPREDWRRPSHQQPRKIRP, EETSRNNPFYFPSR 174
isoform 181 RFPSTRYGNONGRIRVLQRFDORSROFONLON! DADNILVIQQ 240
isoform 175 RFSTRYGNONGRIRVLORFDORSKQFONLON PNTLVLPKHADADNILVIQQ 234
isoform 241 GQATVTVANGNNRKSFNLDEGHALRIPSGFISYILNRHDNQNLRVAKISMPVNTPGQFED 300
isoform 235 GQATVTVANGNNRKSFNLDEGHALRIPSGFISYILNRHDNQNLRVAKISMPVNTPGQFED 294
iscform 301 FFPASSRDQSSYLQGFSRNTLEAAFNAEFNEIRRVLLEENAGGEQEERGCRRWSTRESEN 360
isoform 295 FFPASSRDOSSYLQGFSRNTLEAAFNAEFNEIRRVLLEENAGGEQEERGORRRSTRSSDN 354
isoform 361 PDLSNNFGKLEEVKED 420
isoform 355 -EGVIVKVS KSVSK GEPDLSNNFGRLFEVKPD 412
isoform 421 KKNPQLODLDMMLTCVEIKEGALMLPHFNSKAMVIVVVNKGTGNLELVAVRKEQQQORGRR 480
iscform 413 KKNPQLQDLDMMLTCVEIKEGALMLPHFNSKAMVIVVVNKGTGNLELVAVRKEQQQRGRR 472
isoform 481 EVRRY TARLKEGDVF IMPAAHPVAINASSELHLLGFGINAEN 537
isoform 473 EQEWEEEEEDEEEEGSNREVRRYTARLKEGDVFIMPAAHPVAINASSELHLLGEGINAEN 532
isoform 538 NHRIFLAGDKDNVIDQIEKQAKDLAFPGSGEQVEKLIKNQKESHFVSARPQSQSQSPSSP 597
isoform 533 NHRIFLAGDKDNVIDQIEKQAKDLAFPGSGEQVEKLIKNQRESHFVSARPQSQSPS---- 588
iscform 598 EKESPEKEDQEEENQGGKGPLLSILKAFN 626

isoform 589 ---SPEKEDQEEENQGGKGPLLSILKAFN 614

Fig. 4 - Aligned sequence of two isoforms of the peanut Allergen Ara h 1 and peptides that were identified by Q-TOF MS/MS.
Identified peptides are highlighted on a grey background and isoform-specific peptides are highlighted in dark grey. The
cleaved-off N-terminal peptide is indicated with italics. Underlined residues overlap with know IgE epitopes.

and purified allergens as well as antibody-reactive proteins
were individually subjected to mass spectrometry identifica-
tion (spot numbers in Figs. 1-3). The MS/MS spectra that were
obtained were subjected to a search against databases to
identify peptides by means of their fragment masses.

Table 1 lists the results of the analysed spots and the
proteins that were identified by MS/MS. Ara h 1 was identified

in spots 1-10, Ara h 2 in spots 20 and 22, Ara h 3/4in spots 11 to
13 as well as in spot 17 (spot numbering as indicated in Figs. 1,
2a and 3). In spots 14 to 16 and 18 to 24 no peanut-specific
peptides were found, but several residual peptides with high
score originating from digested trypsin were identified, which
indicates that both trypsin digestion and MS/MS analysis were
successful.

a

isoform 1 MAKLTILVALALFLLAAHASARQOWELQGDRRCQSQLERANLRPCEQHLMOKIQRDEDEN 60
isoform 1 MAKLTILVALALFLLAAHASARQQWELQGDRRCQSQLERANLRPCEQHLMQOKIQRDEDSY 60
isoform 61 BRDBN¥SPSQDPYSPS------ -~~~ PYDRRGAGSSQHQERCCNELNEFENNQRCMCEA 108
isoform 61 GRDPYSPSQDPESBSPDBBRRDPYSPSPYDRRGAGSSQHQERCCNELNEFENNQRCMCEA 120
isoform 109 LOQIMENOSDRLOGROQEQOFKRELRNLPQQCGLRAPQRCDLDVESGG---- 156

isoform 121 LOQIMENQSDRLOGRQQEQQFKRELRNLPQQCGLRAPQRCHIEVESGERDRY 172
isoform 1 MAKLTILVALALFLLAAHASARQOWELQGDRRCQSQLERANLRPCEQHIMQKIQRDEDSY 60
isoform 1 MAKLTILVALALFLLAAHASARQOWELQGDRRCQSQLERANLRPCEQHIMQKIQRDEDSY 60
isoform 61 ERDPYSPSQDPYSPS---—------—- PYDRRGAGSSQHQERCCNELNEFENNQRCMCEA 108
isoform 61 GRDPYSPSQDPYSPSQDPDRRDPYSPSPYDRRGAGSSQHQERCCNELNEFENNQRCMCEA 120
isoform 109 LOOIMENQSDRLOGROOEQOFKRELRNLPOOCGLRAPORCDLDVESGG---- 156

isoform 121 LOOIMENQSDRLQGROOEQQFKRELRNLPOOCGLRAPORCDLEVESGGRDRY 172

isoform = Allergen Ara h2.01

isoform = Allergen Ara hz.02

Fig. 5 - Aligned sequence of two isoforms of the peanut Allergen Ara h 2 and peptides that were identified by Q-TOF MS/MS.
Identified peptides for a) the purified peanut allergen Ara h 2, and b) for individual spots of 2D gels of peanut protein extracts
(spots numbered 20 and 22 in Figs. 1-3) are highlighted on a grey background and isoform-specific peptides are highlighted in
dark grey. The cleaved-off N-terminal peptide is indicated with italics.
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In the case of allergen Ara h 1, the databank search using
the mass of the fragments ions identified peptide sequences
that are listed in Table 2. Forty five and 37 distinct peptides
consisting of 5-22 amino acids were identified for the two
known isoforms of Ara h 1 (Ara h 1 clone P41B and Ara h 1
clone P17 respectively numbered isoforms 1 and 2 in Table 2).
Fig. 4 shows the alignment of the two known sequences of Ara
h 1 and the peptides identified by MS/MS. Identified tryptic
peptides listed in Table 2 were either specific (highlighted in
dark grey) to a single isoform of Ara h 1 or are present in both
and correspond to the conserved part of the sequence.
Previously, we have reported the detection and identification
of several peptides from Ara h 1 in peanut extracts that differ
for one or two amino acids and are characteristic for either of
the particular isoforms [35]. In the current study employing
2D gels, several peptides are unique for isoform 1 or isoform 2
(peptides in grey colour and corresponding spot IDs in
Table 2). Based on specific peptide detection, the protein in
spots 2, 4, 8 and 9 was identified as isoform 1 (protein
probability of 100% in Table 1). Spot 3 only contains isoform 2
with a protein probability of 100% (Table 1) while spots 5-7
were identified as containing both distinct isoforms. Based on
the detected peptides the software identified both isoforms in
those spots and returned a protein probability of 100% for
both. Also spots 1 and 10 are likely to contain both isoforms,
but here the identification is based on a protein probability of
ca. 50% (Table 1).

The identification of immunologically relevant epitopes
as reported by Shin et al. [21], Bannon and Ogawa [41] and
Cong et al. [42] allows a more complete analysis of the
allergen derived peptide sequence tags identified in this
study. Several peptides overlap completely or partially with
IgE binding epitopes of the peanut allergen Ara h 1 (under-
lined residues in Fig. 4).

Wichers et al. [23] identified isolated proteins by 1D SDS-
PAGE as Ara h 1 isoforms by N-terminal amino acid sequen-
cing. They identified a protein band at ca. 64 kDa which was
shown to contain a mixture of both isoforms. However, the
first 78 and 84 amino acids of the cloned sequences, Swiss-Prot
entries P43238 (isoform 1) and P43237 (isoform 2) respectively,
appeared to be missing. In our work, the modified peptide,
VASISATHAKSSPYQKKTENPC (residues 17-38 of isoform 1,
variants underlined, 2 amino acid substitutions, peptide
ladder score 22), likely to correspond to the N-terminal part
of Ara h 1, is detected in spot 5 (Fig. 3). It corresponds to a
validated peptide and overlaps partially with identified IgE
epitopes identified by Shin et al. [21] and Cong et al. [42]. This
peptide was found in the three consecutive replicate runs and
therefore can be accepted with a confident identification.

The spots numbered 19 to 22 were investigated repeat-
edly to confirm the presence of the second major allergen
Ara h 2 by MS measurements. However, the analyses after
trypsin hydrolysis did not return any result, which is likely
due to its trypsin inhibitory properties that were highlighted

Table 3 - List of identified peptides derived from the peanut allergen Ara h 2.

Protein Name: Allergen Ara h2.01

Protein Name: Allergen Ara h 2.02

Protein MW (Da): 19755, pI: 5.2

Protein MW (Da): 20114, pI: 5.2

Source and accession number: SwissProt/TTEMBL,
Q941R0 isofom 1
Source and accession number: SwissProt/TrEMBL,

Q6PSU2 isoform 2
A)
Isoform Peptide sequence Substitution Submitted *"Peptide
mass (Da)? ladder

il 2 score (%)
e X (W)ELQGDR(R) 359,195 51
X 2 (R)ANLRPC(E) 365,694 60
5 X (R)ANLRPCEQ(H) 494,252 68
X X (R)ANLRPCEQH(L) 375,525+++ 35
X X (A)NLKPCEQ(H) K forR (3) 444733 48
i (R) (s) 644,768 63

X (P)m Hfor Y (1) 448,195 31
5 X (L)NEFENNQR(C) 525,747 64
5 i (DMENQSDRL(Q) 496,741 44
X X (M)ENQSDRL(Q) 431,220 35

X (C)DLEVESGGRD(R) 538,763 40

2 (C)DLEN DR(Y) 411,546+++ 30

B)
Isoform Peptide sequence Substitution Submitted “*Peptide Spot number
mass (Da)? ladder in gel

2 score (%)
5 X (L)NEFENNQR(C) 525,745 55 20,22
X X (R)QQEQQFKR(E) 364,514 49 20,22

A) shows Ara h 2 derived peptides identified for the purified allergen Ara h 2 and B) peptides identified in individual spots of 2D gels of peanut
protein extracts (spots numbered 20 and 22 in Figs. 1-3). Reported sequences are Ara h 2.01 and Ara h 2.02 (source: Swiss-Prot, entry numbers
Q941R0 and Q8GV20). Peptides on a dark grey background are specific for one of the two isoforms of Ara h 2. a) Double charged peptide unless
otherwise indicated (+, +++ or ++++). b) Peptide ladder score: probability based score algorithm, which indicates the reliability of the peptide

identification.




Table 4 - List of identified peptides derived from the peanut allergen Ara h 3/4.

Protein Name: Ara h 3 Glycinin [Fragment] Protein MW (Da): 58314, pl: 5.88
Protein Name: Gly 1 Protein MW (Da): 60448, pl: 5.48
Protein Name: Ara h 4 Protein MW (Da): 60973, pl: 5.35
Protein Name: Allergen Arah3/Arah 4 Protein MW (Da): 61738, pl: 5.39
Protein Name: Glycinin [Fragment] Protein MW (Da): 58061, pI: 5.41
Protein Name: Iso-Ara h 3 Protein MW (Da): 58227, pI: 5.27

Source and accession number
Source and accession number:
Source and accession number:
Source and accession number:
Source and accession number.
Source and accession number:

: SwissProt/TrEMBL, 082580
: SwissProt/TrEMBL, Q9FZ11
: SwissProt/TrEMBL, Q9SQH7
1 SwissProt/TrEMBL, Q8LKN1
: SwissProt/TrEMBL, Q6IWG5
: SwissProt/TrEMBL, QOGM57

isoform 1
isoform 2
isoform 3
isoform 4
isoform 5
isoform 6

Isoform Sub-unit? Peptide sequence Substitution Submitted Peptide Spot number
mass (Da)” ladder in gel
1 2 3 4 5 6 score (%)°
X X X X X X A (R)LNAQRPDNR(T) 361.844+++ 49 11,12,13
X X X X A (Y)SNAPQEIFIQQGR(G) 744.381 47 11,12,13
X A (R)EC (V) 639.597+++ 26 il
X X X A (E)GDLIAMPTGVAFWMYND(H) M for V (6) 638.958+++ 15 12
X X A (E)NKGSN(I) K forE (2) 519.213+ 56 11,12,13
X X A (R)QIVQNLR(G) 435.763 81 il alzalel
X X A (R)QTVENLR(G) 430.239 36 11
X A R)G E 795.867 25 11
X A 802.376 49 13
X A 795.867 80 12
""" AR N O S S T veeed 012
X X X X B M for L (3), Q for R (6) 759.359+ 72 12
X B 432.881+++ 30 17
X X X X B 759.354 36 17

The table shows Ara h 3/4 derived peptides identified in individual spots of 2D gels of peanut protein extracts (spots numbered 11-13 and 17 in Figs. 1-3). Reported sequences were Ara h 3 Glycinin,
Gly1, Ara h 4, Allergen Ara h 3/Ara h 4, Glycinin and Iso-Ara h 3 (source: Swiss-Prot, entry numbers 082580, Q9FZ11, QOSHQH7, Q8LKN1, Q6IWG5 and QOGMS57). Peptides on a dark grey background are

not present in all isoforms of the allergen Ara h 3/4 (isoforms numbered 1-6).
a) A = acidic sub-unit.

B = basic sub-unit (according to Piersma et al. [14]).
b) Double charged peptide unless otherwise indicated (+ or +++).

c) Peptide ladder score: probability based score algorithm, which indicates the reliability of the peptide identification.
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previously. Sequence homology searches have revealed that
Ara h 2 has significant homology with trypsin inhibitors and
bifunctional trypsin/a-amylase inhibitors. The trypsin inhi-
bitory properties of purified Ara h 2 were also shown in
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———————————————————————— RQOPEENACQFQRLNAQRPDNRIESEGGYIETWNPN
MIRGRLALSVCFCFLVLGASSISFRQQPEENACQFQRLNAQRPDNRLESEGGY IETWNEN
-MAKLLELSFCFCFLVLGASSISFRQQPEENACQFQRLNAQRPDNRIESEGGY IETWNPN
-MGKLLALSVCFCFLVLGASSISFRQQPEENACQFQRLNAQRPDNRIESEGGY IETWNPN
- --KLLALSLCFCVLVLGASSVTFRQGGEENECQFQRLNAQRPDNR I ESEGGY IETWNPN
-MAKLLALSLCFCVLVLGASSVTFRQGGEENECQFQRLNAQRPDNRI ESEGGY IETWNPN

NQEFECAGVALSRLVLRRNALRRPFYSNAPQEIFIQOGRGYFGLIFPGCPRHYEEPHTQG
NQEFECAGVALSRLVLRRNALRRPFYSNAPQEIFIQOGRGYFGLIFPGCPSTYEEPAQQG
NQEFECAGVALSRLVLRRNALRRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQG
NQEFECAGVALSRLVLRRNALRRPFYSNAPQETFIQQGRGYFGLIFPGCPSTYEEPAQQG
NQEFQCAGVALSRTVLRRNALRRPFYSNAPLEIYVQQGSGYFGLIFPGCPSTYEEPAQEG
NQEFQCAGVALSRTVLRRNALRRPFYSNAPLEIYVQQGSGYFGLIFPGCPSTYEEPAQEG

RRSQSQRPPRRLQ-GEDQSQQOR - DSHQKVHRFDEGDLIAVPTGVAFWLYNDHDTDVVAY
RRHQSQRAPRRFE-GEDQSQQQQQDSHQKVRRFDEGDLIAVPTGVALWMFNDHD TDVVAY
RRYQSQRPPRRLQ-EEDQSQQQQ - DSHQKVHRFNEGDLIAVPTGVAFWLYNDHDTDVVAY
RRHQSQRPPRREQSGODOS00C0SDEHORY: RFDEGDLIAVPTGVAFWMYNDHD TDVVAV
RRYQSQKPSRRFQVGQDDPSQQQQDSHQKVHRFDEGDLIAVRPTGVAFWMYNDED TDVVTV
RRYQSQKPSRRFQVGODDPSQQQQDSHOKVERFDEGDLIAVRPTGVAFWMYNDED TDVVTV

SLTDTNNNDNQLDQFPRRFNLAGNTEQEFLRYQQQSROSRRRSLPYSPYSPQSOPRQEER
SLTDTNNNDNQLDQFPRRFNLAGNHEQEFLRYQQQS - - - RRRSLPYSPYSPQSQPRQEER
SLTDTNNNDNQLDQFPRRFNLAGNHEQEFLRYQQQSRQSRRRSLPYSPYSPHSRPRREER
SLTDTNNNDNQLDQFPRRFNLAGNHEQEFLRYQQQS - - - RRRSLPYSPYSPQTQPKQEDR
TLSDTSSIHNQLDQFPRRFYLAGNQEQEFLRYQQQQ- - ----=-=-=-- -~ GSRP--HYR
TLSDTSSIHNQLDOFPRRFYLAGNQEQEFLRYQQQQ------=-=-=-=-~ GSRP--HYR

EFSPRGOHSRRERAGQEEENEGGNIFSGPTPEFLEQAFQVDDRQIVONL
EFSPRGOHSRRERAGQEEENEGGNIFSGFTPEFLAQAFQVDDRQIVONL
EFRPRGQHSRRERAGQEEEDEGGNT FSGFTPEFLEQAFQVDDRQT VONLWGENESEEEGA
EFSPRGOHGRRERAGQEQENEGGN I FSGFTPEFLAQAFQVDDRQILONL
VRGDEQENEGSNI FSGFAQEFLQHAFQVD-RQTVENLRGENEREEQGA
VRGDEQENEGSNI FSGFAQEFLQHAFQVD-RQTVENLRGENEREEQGA

GLRILSPDRKRR----- ADEEEEYDEDEYEYDEE- - - -DRRRGRGSRGRGNGIE
GLRILSPDRKRG----- ADEEEEYDEDEYEYDEE - - - -DRRRGRGSRGRGNGIE
IVIVRGGLRILSPDGTRG----- ADEEEEYDEDQYEYHEQ- - - -DGRRGRGSRGGGNGIE
-GGLRILSPDRKRRQQYERPDEEEEYDEDEYEYDEEERQQDRRRGRGSRGSGNGIE
IVIVKGGLRILSPDEEDESSRSPPSRREEFDEDRSRPOQR---- - GKYDENRRGYKNGIE
IVTVKGGLRILSPDEEDESSRSPPSRREEFDEDRSRPQQOR - - - - - GKYDENRRGYKNGIE

ETICTASAKKNIGRNRSPDIYNPQAGSLKTAND- - LNLLILRWLGPSAEYGNLYRNALFV
ETICTASVKKNIGRNRSPDIYNPQAGSLKTAND- - LNLLILRWLGLSAEYGNLYRNALFV
ETICTACVKKNIGGNRSPHIYDPQRWFTQONCHD- - LNLLILRWLGLSAEYGNLYRNALFV
ETICTASFKKNIGRNRSPDIYNPQAGSLKTANELQLNLLILRWLGLSAEYGNLYRNALFV
ETICSASVKKNLGRSSNPDIYNPQAGSLRSVNE- -LDLPILGWLGLSAQHGTIYRNAMFV
ETICSASVKKNLGRSSNPDIYNPQAGSLRSVNE- - LDLPILGWLGLSAQHGTIYRNAMFV

AHYNTNAHS I I YRLRGRAHVQVVDSNGNRVYDEELQEGHVLVVPQONFAVAGKSQSENFEY
PHYNTNAHS IIYALRGRAHVQVVDSNGNRVYDEELQEGHVLVVPQNFAVAGKSQSDNFEY
PHYNTNAHS I ITYALRGRAHVQVVDSNGNRVYDEELQEGHVLVVPONFAVAGKSQSENFEY
PHYNTNAHS T I YALRGREENOUVDENGDR Y FDEELQEGHVLVVPONFAVAGKSQSENFEY
PHYTLNAHT IVVALNGRAHVQVVDSNGNRVYDEELQEGHVLVVEQNFAVAAKAQSENYEY
PHYTLNAHTIVVALNGRAHVQVVDSNGNRVYDEELQEGHVLVVPONFAVAAKAQSENYEY

VAFKTDSRPSIANLAGENSVIDNLPEEVVANSYGLQREQARQLKNNNPFKFFVPPS-QQS
VAFKTDSRPNIANFAGENSIIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPS-QQS
VAFKTDSRPSIANFAGENSFIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPF-QQS
VAFKTDSRPSIANLAGENSFIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPS-EQS
LAFKTDSRPSIANLAGENSIIDNLPEEVVANSYRLPREQARQLKNNNPFKFFVPPFDHQS
LAFKTDSRPSIANLAGENSIIDNLPEEVVANSYRLPREQARQLKNNNPFKFFVPPFDHQS

PRAVA 507
LRAVA 529
PRAVA 530
LRAVA 538
MREVA 510
MREVA 512

36
60
59
59
57

96

120
119
119
117
119

154
179
177
177
177
179

214
236
237
234
220
222

274
296
297
294
272
274

325
347
348
354
327
329

383
405
4086
414
385
387

443
465
466
474
445
447

502
524
525
533
505
507

enzyme activity assays [40]. Although we previously identi-
fied Ara h 2 derived peptides in unfractionated peanut
protein extracts [35], the observation that partial reduction
of this allergen increases its trypsin inhibitory activity [40]

Fig. 6 - Aligned sequence of six isoforms of the peanut Allergen Ara h 3/4 and peptides that were identified by Q-TOF MS/MS.

Identified peptides are highlighted on a grey background and isoform-specific peptides are highlighted in dark grey. The

cleaved-off N-terminal peptide is indicated with italics. The N-termini of the acidic and the basic sub-unit are shown in bold.
Underlined residues overlap with know IgE epitopes.
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might explain why MS identification after SDS-PAGE was
unsuccessful.

Investigations for in-solution enzymatic hydrolysis of the
purified allergen Ara h 2 have been carried out. Various
enzymes were tested and among them pancreatin returned
positive results. MS experiments return several tags for Arah 2
(12 peptides returned, 6-11 amino acids). The two sequences
of Ara h 2 were aligned and are represented in Fig. 5. Eight
sequence tags were common to Ara h 2.01 and Ara h 2.02
isoforms (Fig. 5a and Table 3A). The presence of the two
distinguished isoforms, namely Ara h 2.01 and Ara h 2.02, as
mentioned by Chatel et al. [24] and Hales et al. [25], was
confirmed. One peptide was shown to be specific to Ara h 2.01
and two peptides to Ara h 2.02 (Fig. 5a and Table 3A). Selected
peptides had a score over 20 and were validated. In the same
way, Ara h 2 individual spots (numbered 19-22) were treated
according to optimised conditions on the purified allergens.
MS experiments returned two sequence tags after in-gel
digestion of spot numbers 20 and 22 (2 unmodified peptides,
8 amino acids, peptide ladder scores of 49 and 55) (Fig. 5b and
Table 3B). Spots 19 and 21 did not return results and they may
correspond to glycosylated forms of the protein. Ara h 2 was
unambiguously identified in spots 20 and 22, but the peptides
detected are located in the conserved part of the protein and
did not allow to distinguish between the two isoforms.

In the case of the allergen Ara h 3/4, database searches
successfully identified several sequence tags from four spots,
numbered 11 to 13 and 17 (Table 1). From the Swiss-Prot
database, the following sequences were retrieved for the
allergen Ara h 3/4: Ara h 3 Glycinin, Glyl, Ara h 4, Allergen Ara
h 3/Ara h 4, Glycinin and Iso-Ara h 3, numbered isoforms 1-6 in
Table 4. A total of 14 different peptides consisting of 5-17 amino
acids were experimentally identified for Ara h 3/4. Among the
peptides found five were specific either to isoform 1, 2 or 4
(peptides coloured in dark grey in Table 4).

Multiple sequences of Ara h 3/4 were aligned and are
represented in Fig. 6. Peptides identified by MS/MS analysis are
highlighted on a grey background and specific peptides are
highlighted in dark grey. The analysis of immunologically
relevant epitopes of the allergen Ara h 3/4 was reported by
Rabjohn et al. [12] and Bannon and Ogawa [41]. Two of the
peptides identified in our study partially overlap with an IgE
binding epitope (underlined residues in Fig. 6). Piersma et al.
[14] indicated the presence of at least five isoforms of Ara h 3/4
in a single peanut variety. In our work, the large number of
highly homologous peptides prevented the assignment of
spots to single isoforms. However, spots could be assigned to
different parts of the protein. In spots 11 and 12 (Fig. 3) two
peptides were found that are specific for the isoforms 2 and 5.
In addition to this, in both spots several peptides of the
conserved part of Ara h 3/4 sequences were found. According
to Piersma et al. [14], RQQPEEN (residues 1-7 of isoform 1)
corresponds to the N-terminus of the acidic sub-unit and
GIEETIC (residues 323-329 of isoform 1) corresponds to the N-
terminus of the basic sub-unit of the allergen Ara h 3/4 (N-
termini shown in bold in Fig. 6). Peptides originating from the
three spots numbered 11 to 13 (at ca. 4045 kDa and a pl range
of 5.5-6) mostly correspond to conserved parts of the protein
and are located close to its N-terminal end. This part
corresponds to the acidic sub-unit of Ara h 3/4. In addition,

in spot 12 (mass of ca. 45 kDa and a pl of ca. 5.7) two peptides
corresponding to the conserved part of the basic sub-unit were
found. However, both are located far from the C-terminus of
Arah 3/4 (Table 4 and Fig. 6). The occurrence of Ara h 3/4 thatis
not cleaved at the boundary of the basic and acidic sub-unit
was reported previously with the detection of the peptide
NGIEETICTASAK (residues 322-334 of isoform 1) that partially
covers both sub-units [35]. On the other hand, spot 17 (mass of
ca. 25 kDa and a pI of ca. 6.3) contains the basic sub-unit only.
Two peptides located close to the C-terminal end of Ara h 3/4
were identified with high peptide ladder scores. Spots 23 and
24 recognised by the IgY antibody raised against the recombi-
nant 40 kDa sub-unit of Ara h 3/4 (Figs. 2d and 3) are likely to be
proteolytic fragments of the acidic sub-unit. However, they
were only defined in MS by small peptides (up to 5 amino acids)
and therefore assignment to a protein sequence could not be
done.

Our results are in agreement with Piersma et al. [14] who
established MALDI-MS and LC-MS/MS spectra of the tryptic
digest of protein bands excised after 1D SDS-PAGE. This
revealed Ara h 3/4 protein bands at 25, 40, 42 and 45 kDa.
The basic sub-unit at ca. 25 kDa appeared essentially as a
single polypeptide, while for the acidic sub-unit three bands,
ranging from 40-45 kDa, were observed and identified. In
addition, multiple minor bands ranging from 14-20 kDa were
identified as peptides originating from the acidic sub-unit,
indicating proteolytic truncation of the protein in the peanut.
Sequence variants were observed in both the acidic and basic
sub-unitindicating the presence of at least five Ara h 3/4 genes
for a single peanut variety.

Lianget al. [36] and Magni et al. [43] used 2D PAGE to achieve
a better resolution of protein profiles of peanut seeds. Based
on peptide sequencing by ESI-MS/MS and N-terminal amino
acid sequences, Liang et al. [36] identified 4 protein spots in the
range 23-25 kDa with distinct isoelectric points (range 3.9-6.8);
all peptide fragments had significant homology with the
known isoforms 1, 3 and 6 and essentially correspond to the
basic sub-unit. Our study confirms the complexity of Ara h 3/4
with the identification of several proteolytic fragments of this
allergen and the detection of multiple isoforms.

4. Concluding remarks

In conclusion, the novelty of this work lies in the development
of an integrated approach using complementary techniques.
The combination of 2D DIGE, Western blotting and LC Q-TOF
MS/MS allows the specific detection and identification of
major allergens and has revealed their position within 2D gel
maps. Within this map the allergen Ara h 1 was resolved and
detected in 10 protein spots. The identification of all 10 spots
was achieved by spiking with purified allergen, Western
blotting and MS/MS. The position of Ara h 2 allergens, that
are known to inhibit trypsin activity, was established by
spiking and Western blotting detecting 4 and 2 protein spots
respectively. MS/MS analyses identified two Ara h 2 derived
peptides in 2 of the 4 spots.

The 2D pattern of the purified Ara h 3/4 appears to be more
complex and matched to 8 spots, four of which were
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recognised by anti Ara h 3 antibodies raised against a fragment
of the allergen. MS/MS analyses identified a multitude of Arah
3/4 derived peptides in four protein spots, and confirmed the
presence of multiple isoforms in a single peanut variety. The
identification by MS/MS allowed different spots to be assigned
to different parts of this protein, which is known to be
proteolytically processed.

The identification of a multitude of isoforms and protein
sub-units of the major peanut allergens stresses the complex-
ity of the peanut allergens. The establishment of their specific
location within the 2D gel map provides us important tools to
further investigate the complexity of post-translational aller-
gen modification by for instance glycosylation and glycation.
The characterisation of individual peanut allergens and their
resolution into different isoforms, glycoforms and proteolytic
products is of importance to study and quantify the effect of
various thermal treatments such as roasting on peanut
allergens. The identification and characterisation of peanut
allergens is also essential to understand exactly which
compounds are presented to the immune system.
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